Highly pathogenic avian influenza (HPAI) H7 virus infection in humans frequently
Avian influenza A viruses of the H7 subtype have resulted in over 100 cases of human infection since 2002 (5) . Highly pathogenic avian influenza (HPAI) H7 viruses frequently cause conjunctivitis in infected individuals but also possess the ability to cause severe respiratory disease and even death (21) . While rare, sporadic reports of ocular-related symptoms following H5N1, seasonal, and 2009 H1N1 virus infection have also been documented (1, 15, 19, 33, 44, 45) . The properties which govern the ocular tropism of influenza viruses, and of H7 viruses in particular, are poorly understood. It has been proposed that the predominance of ␣2-3-linked sialic acids on ocular epithelial cells facilitates the ability of avian influenza viruses which exhibit this binding preference to infect the ocular surface (38) . However, studies using a murine model demonstrated that the ability of influenza viruses to bind to or replicate in ocular tissue cannot be explained by sialic acid binding preference alone (8) . Understanding the properties which govern the ability of influenza viruses to preferentially replicate in ocular tissue (such as H7 viruses) or potentially use the eye as a portal of entry to establish a respiratory infection (such as H5 viruses) is important for public health preparedness and the response to emerging influenza viruses (30) .
Further hindering our understanding of H7 subtype-specific tropism is limited knowledge of the host immune responses elicited following H7 subtype infection. We recently showed that infection with HPAI H7 viruses from both Eurasian and North American lineages resulted in a delayed and weakened induction of innate immune responses compared with that after infection with other HPAI H5N1, low-pathogenic H7, and human influenza A virus subtypes in human respiratory cells (9) . Human ocular cells have been shown to elicit proinflammatory mediators following infection with numerous viruses, including respiratory syncytial virus (RSV), herpes simplex virus, and adenovirus (10, 31, 42) . However, characterization of host immune responses following influenza virus infection in ocular cells has been limited, and responses to H7 subtype infection in this tissue have not been reported to date (36) .
Given the diversity of documented laboratory and occupational ocular exposures to influenza virus, numerous ocular cell types could play a role in influenza-related ocular infection and pathology observed in humans. Independent studies have evaluated the permissiveness of human corneal epithelial cells, ex vivo conjunctival biopsy specimens, and retinal pigment epithelial cells to influenza virus infection, demonstrating the ability of select influenza viruses to replicate in these cell types (8, 13, 36) . Despite this, side-by-side comparisons of virus infection in multiple ocular cell types have not been performed, making it difficult to compare the magnitudes of host responses between ocular cell types or virus subtypes.
Here, we investigated the induction of the innate immune response to human and avian influenza virus infection in both corneal and conjunctival epithelial cells to characterize host responses in ocular tissue. This information allowed us to then examine H7 subtype-specific host responses in both human corneal and bronchial epithelial cells to more accurately delineate ocular tropism determinants of viruses within this subtype. H7N7 virus infection of corneal epithelial cells resulted in enhanced and significant increases in the expression of genes related to NF-B signal transduction compared with H5N1 or H1N1 virus infection. In contrast, H5N1 virus infection resulted in heightened NF-B signal transduction in respiratory and not ocular cells. Identification of tissue-specific and subtype-specific host responses following infection with human and avian influenza viruses is crucial for achieving a more precise understanding of properties governing virus tropism in the human host.
MATERIALS AND METHODS
Viruses. Influenza A viruses were grown in the allantoic cavities of 10-day-old embryonated hens' eggs (H7, H5, and seasonal H1 viruses) or in Madin-Darby canine kidney (MDCK) cells (2009 H1N1 virus) and then clarified by centrifugation and stored at Ϫ80°C until use, as previously described (6, 34, 35) . Stocks were titrated by standard plaque assay for determination of PFU titer (51) . All experiments were conducted under biosafety level 3 containment, including enhancements required by the U.S. Department of Agriculture and the Select Agent Program (17) .
Cell culture and viral infection. Primary human corneal epithelial cells (HCEpiC), primary human conjunctival epithelial cells (HConEC), and primary human trabecular meshwork cells isolated from juxtacanalicular and corneoscleral regions of the human eye (HTMC) were obtained from ScienCell (San Diego, CA). Primary cells were cryopreserved at passage 1 and then grown on poly-Llysine-coated flasks per the manufacturer's instructions. Cells were grown to confluence in 6-well (for replication kinetics), 12-well (for PCR array analysis), or 24-well (for cytokine quantification and real-time PCR) poly-L-lysine coated plates in serum-free keratinocyte medium (epithelial cells) or complete fibroblast medium (trabecular meshwork cells) (ScienCell). All primary cells were infected with virus within 10 population doublings. The bronchial epithelial cell line Calu-3 (ATCC, Manassas, VA) was cultured on membrane inserts and infected apically as previously described (9, 51) .
Virus was added to cells at a multiplicity of infection (MOI) of 0.01 (for replication kinetics) or 2 (for cytokine quantification and real-time PCR) for 1 h before washing. Cell type-specific serum-free medium was added to all wells, with the addition of 300 g/liter N-p-tosyl-L-phenylalanine chloromethyl ketone (TPCK)-treated trypsin (Sigma-Aldrich, St. Louis, MO) in cultures using primary human cells. Aliquots of culture supernatant taken postinfection (p.i.) were immediately frozen at Ϫ80°C until use. Medium with 10% normal allantoic fluid was used as a mock control. Samples collected for replication kinetics were titrated for the presence of infectious virus by standard plaque assay.
Cell viability assays. Quantification of nucleosomes at 24 h following virus infection of HCEpiC at an MOI of 2 was performed with the ELISAPlus cell death detection assay (Roche Applied Science, Indianapolis, IN), according to manufacturer's instructions. A minimum of three independent samples were collected and tested for each condition. Quantification of cell proliferation at 24, 48, and 72 h following virus infection of HCEpiC and Calu-3 cells at an MOI of 2 was performed using the WST-1 cell proliferation reagent (Roche Applied Science), according to manufacturer's instructions. Four independent samples were tested for each condition.
Cytokine and chemokine quantification. Culture supernatants were analyzed using an enzyme linked immunosorbent assay (ELISA) for the presence of human IP-10, tumor necrosis factor alpha (TNF-␣), interleukin-1␤ (IL-1␤), and IL-10 (BD Biosciences, San Jose, CA) and with the BioPlex protein array system (Bio-Rad, Hercules, CA), according to manufacturer's instructions. A minimum of two independent samples were collected and tested for each condition.
Real-time qRT-PCR. Total RNA was extracted from mock-infected or virusinfected cells (Qiagen, Valencia, CA). The DyNAmo SYBR green two-step quantitative reverse transcription-PCR (qRT-PCR) kit was used for cDNA synthesis and SYBR green quantitative PCR (New England BioLabs, Ipswich, MA) according to manufacturer's instructions, with all reactions performed in duplicate or triplicate. All quantifications (threshold cycle [C T ] values) were normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and analyzed as described previously to determine the relative level of gene expression (51) . Primer sequences were designed with PrimerExpress (Applied Biosystems, Carlsbad, CA) and have been published previously (51) , with the exception of IL-1␤ (5Ј, CCA CGG CCA CAT TTG GTT; 3Ј, TAG GGA AGC GGT TGC TCA TC).
RT 2 Profiler PCR array analysis (SABiosciences, Frederick, MD) for the human NF-B signaling pathway was performed with total RNA extracted at 24 h p.i. and analyzed per manufacturer's instructions.
SDS-PAGE immunoblot analysis. Cell lysates from virus-or mock-infected HCEpiC and Calu-3 cells were resuspended in Laemmli buffer (Bio-Rad) and boiled for 10 min. Protein content was determined using a NanoDrop spectrophotometer at 280 nm (Thermo Scientific, Wilmington, DE), and equal amounts of protein were loaded in a sodium dodecyl sulfate-polyacrylamide gel. Western blot analysis was conducted as described previously using antibodies to IB␣ (Santa Cruz Biotechnology, Santa Cruz, CA) or ␤-actin (Sigma, St. Louis, MO), with detection using a horseradish peroxidase-conjugated secondary antibody (Cell Signaling, Beverly, MA) (51). Densitometry quantification was performed using ImageJ software.
Statistics. Significance in all experiments presented in this study was assessed by Student's t test.
RESULTS
Multiple human ocular cell types support replication of avian influenza A viruses. The diverse range of potential ocular exposures to influenza virus in humans indicates that numerous ocular cell types may be exposed to infectious virus and support productive virus replication. We examined two ocular epithelial cell types, human corneal epithelial cells (HCEpiC) and human conjunctival epithelial cells (HConEC), which are likely exposed to virus during human ocular exposure. The influenza viruses used in these infections are listed in Table 1 . The permissiveness of primary human corneal and conjunctival cells to influenza virus infection has been previously shown, and expression of the influenza virus M1 transcript at 2 h p.i. in these cell types was found to be similar for all viruses examined (data not shown) (8, 13) . To examine the possibility of intraocular influenza virus replication, we additionally infected human trabecular meshwork cells (HTMC), fibroblasts located in the anterior chamber angle of the eye which are exposed to draining aqueous fluid (32) . The replication kinetics for each virus were generally found to be similar in all ocular cell types examined. Primary cells from all ocular anatomical locations tested supported productive replication of all HPAI H5 and H7 viruses, whereas titers from low-pathogenic avian influenza (LPAI), seasonal, and 2009 H1N1 viruses were reduced (Fig.  1 ). While reaching similar titers by 72 h p.i., the HPAI viruses NL/219, Thai/16, and VN/1203, all of which possess a lysine at position 627 of PB2, replicated to significantly (P Ͻ 0.001) higher titers by 24 h p.i. than the HPAI viruses NL/230 and Can/504, which lack this residue in PB2. As epithelial cells are the first barrier of the ocular surface to encounter influenza virus, HCEpiC and HConEC cultures were utilized in subsequent experiments.
HPAI H5 and H7 viruses reduce cell viability following infection of human ocular cells. High levels of virus replication in respiratory tissues have been associated with impaired cell function and increased cell death (3, 25, 47) . However, the viability of human ocular cells following influenza virus infection has not been extensively studied. To determine whether influenza virus replication in ocular cells resulted in a decrease in cell proliferation, we measured the ability of mitochondrial dehydrogenases in HCEpiC cultures infected with influenza virus to cleave tetrazolium salt added to the culture medium, as a marker for cellular metabolic activity ( While infection with all influenza viruses tested resulted in the significantly elevated (P Ͻ 0.005) enrichment of nucleosomes in cell lysates (Ͼ15-fold over that in mock-infected cells), NL/ 219, VN/1203, and Thai/16 virus infection resulted in nucleosome levels among the highest observed (Fig. 2B) . Levels of nucleosomes in culture supernatant followed a similar trend but were within 3-fold of the level for mock-infected cells at 24 h p.i. (Fig. 2C) . Interestingly, two viruses which did not replicate efficiently in corneal epithelial cells, Can/444 and NY/107, were still capable of eliciting elevated levels of nucleosomes in both cell lysate and culture supernatant. Significantly reduced cell proliferation compared with mock-infected cells was further observed in NY/107 virus-infected HCEpiC cultures (P Ͻ 0.005). In summary, while viruses of multiple subtypes were capable of inducing cell death in human corneal epithelial cells, viruses which replicated to high titers were generally associated with the greatest corresponding decrease in cell proliferation.
HPAI H7N7 viruses exhibit differential cytokine production in HCEpiC and HConEC compared with H5N1 and H1N1 viruses. Human corneal and conjunctival epithelial cells elicit elevated levels of proinflammatory cytokines and chemokines following exposure to toxins or other stimuli (20, 23) . Cytokine dysregulation has been reported following HPAI H5N1 virus infection in numerous human respiratory cell types, and levels of selected proinflammatory cytokines were elevated following H5N1 virus infection in retinal pigment epithelial cells (16, 36, 51) . However, the induction of innate immune responses in ocular surface epithelial cells following influenza virus infection was not known. Therefore, we infected HCEpiC and HConEC with avian and human influenza viruses and measured the production of key inflammatory mediators early after infection (Fig. 3) .
Similar trends in proinflammatory cytokine (TNF-␣, IL-6, and IL-1␤) and chemokine (IP-10) production were generally observed in both ocular cell types (Fig. 3) . HPAI H5N1 viruses consistently resulted in the highest levels of TNF-␣, IL-6, and IP-10 production in ocular epithelial cells, with the LPAI H7N7 virus NY/107 also eliciting high levels, a property of this virus that was previously shown in respiratory cell types (9) . Infection with HPAI H7N7 viruses, notably NL/219 virus, produced significantly lower levels of these cytokines and chemokines at 24 h p.i. in human ocular epithelial cells than were induced by H5N1, H7N3 and H7N2 viruses (P Ͻ 0.05). However, the cytokine IL-1␤ was produced by HCEpiC at 24 h following NL/219 virus infection at higher levels than after infection with H5N1 or H1N1 virus subtypes (P Ͻ 0.02) (Fig.  3B) . Interestingly, while the trends in cytokine production were similar in both cell types examined, the magnitudes of IP-10 and IL-1␤ production were approximately 10-fold lower in HConEC than in HCEpiC. Despite pronounced differences in cytokine production in these cultures, comparable levels of mRNAs for key cytokines and chemokines were detected with HPAI H7 and H5 viruses, indicating that the diminished cytokine production observed in H7 virus-infected ocular cells was not a function of reduced transcript levels in infected HCEpiC or HConEC cultures (see Fig. S1 in the supplemental material).
Endogenous levels of IL-8 and granulocyte colony-stimulating factor (G-CSF) (800 to 2,000 pg/ml) were detected in cultures of both cell types by 24 h p.i. but did not rise Ͼ5-fold over those in mock-infected cells following virus infection (data not shown). IL-2, IL-4, IL-5, IL-7, IL-10, IL-12 (p70), IL-13, IL-17, monocyte chemoattractant protein 1 (MCP-1), MIP-1␤, gamma interferon (IFN-␥), and granulocyte-macrophage CSF (GM-CSF) were detected at only nominal levels (Ͻ30 pg/ml) through 24 h p.i. and were not significantly elevated above levels in mock-infected cells following influenza virus infection in either cell type (data not shown). These able protein is not being secreted following HPAI H7 virus infection.
HPAI H7N7 virus infection leads to upregulation of NF-B signaling in human ocular but not respiratory cells. IL-1␤ has known roles in ocular pathology and inflammation in ocular cells and has previously been shown to disrupt the barrier function of human corneal epithelial cells in an NF-B-dependent manner (27) . The detection of elevated levels of IL-1␤ following NL/219 virus infection in human ocular but not respiratory cells prompted us to examine the induction of NF-B activation in both cell types to explore both tissue-specific and subtype-specific responses. HCEpiC and Calu-3 cells were infected with representative H7N7 (NL/219), H5N1 (Thai/16), and H1N1 (Brisbane) viruses, and cell lysates were collected and examined for the degradation of IB␣ to detect activation of the NF-B pathway (Fig. 4) . IB␣ belongs to a family of proteins which function to prevent NF-B nuclear transloca- Genes related to the NF-B signal transduction pathway that were significantly (P Ͻ 0.05) upregulated following virus infection of HCEpiC cultures are presented in Fig. 5 and in Table S1 in the supplemental material; the fold change in expression over that in mock-infected controls is shown. As predicted by the heightened production of IL-1␤ in H7N7 virus-infected ocular cells, NL/219 virus infection resulted in the highest upregulation of numerous genes related to NF-B signaling in HCEpiC cells, notably, those for transcription factors such as FOS, JUN, and RELB, and NF-B responsive genes, including those for CSF2, ICAM,1, and LTA (Fig. 5) . In contrast, infection with the North American lineage H7 virus Can/504 did not broadly elicit NF-B gene activation. Thai/16 virus infection of HCEpiC cultures did elicit elevated levels of select genes involved in NF-B signal transduction, including those for IL-6, IL-8, and TNF, but fewer genes overall than with NL/219 virus infection. Infection with the H1N1 viruses Brisbane and Mex/4482 resulted in an overall reduced activation of genes related to NF-B signal transduction pathways compared with H7 and H5 virus subtypes (Fig. 5) .
To determine if the heightened NF-B activity observed in HCEpiC cultures following H7N7 virus infection was tissue specific, we compared genes related to the NF-B signal transduction pathway that were either significantly (P Ͻ 0.05) upregulated or downregulated compared with those in mockinfected cells following infection of HCEpiC or Calu-3 cells with NL/219, Thai/16, or Brisbane virus ( Fig. 6 ; see Table S1 in the supplemental material). The upregulation of numerous genes related to NF-B signaling in HCEpiC following H7N7 virus infection was found to be both virus subtype specific and Fig. 6A to C) . H5N1 virus infection upregulated numerous genes pertaining to NF-B signaling; however, the genes exhibiting upregulation were found solely in Calu-3 cells or were similarly upregulated in both respiratory and ocular cell types (Fig. 6B) . H1N1 virus infection resulted in a similar profile, though with a lesser total number of genes (Fig. 6C) . In comparison to the observed upregulation of NF-B-related genes in ocular cells following NL/219 virus infection, H7N7 virus infection in respiratory cells resulted in a broad downregulation of NF-B-related genes (Fig. 6D ). This downregulation was also found to be virus subtype specific and tissue specific, as only 6% of the genes downregulated following H7N7 virus infection were specific to HCEpiC cultures only (Fig. 6D) . In contrast, the majority of NF-B-related genes which were downregulated following H5N1 virus infection were detected in ocular cells only (Fig. 5E) . H1N1 virus infection resulted in the downregulation of numerous genes, but many of these genes behaved similarly in both ocular and respiratory cells (Fig. 6F) .
In summary, while early IB␣ degradation of NF-B activation was not affected by cell type origin, we found that the H7N7 virus NL/219 resulted in the upregulation of numerous genes related to NF-B signaling following infection of ocular cells and in the broad downregulation of these genes following infection of respiratory cells. In contrast, the H5N1 virus Thai/16 resulted in the upregulation of numerous genes related to NF-B signaling in respiratory cells and in the downregulation of these genes following infection of ocular cells. H1N1 virus infection resulted in high upregulation of relatively few NF-B-related genes, and most of these genes were similarly upregulated in respiratory cells.
DISCUSSION
Despite the frequency of ocular symptoms following human infection with H7 viruses, the properties which confer the ability of this influenza virus subtype to use the eye as a portal of entry are not known. As previous studies have shown that viruses of multiple subtypes are capable of binding to and replicating in ocular tissue, we chose to examine the early induction of innate immune responses elicited by influenza viruses of multiple subtypes in human ocular cells to determine whether H7 subtype-specific host responses contribute to the ocular tropism of this virus subtype. Unlike viruses of the H5N1 or H1N1 subtype, we identified an HPAI H7N7 virus which elicited elevated levels of IL-1␤ and upregulated genes associated with NF-B signal transduction following infection of ocular but not respiratory cells, representing the first in vitro evidence of an H7 subtype-specific and tissue-specific response in ocular tissue.
The development of conjunctival symptoms following influenza virus exposure in humans has been documented following both laboratory exposures (e.g., by liquid containing influenza virus being splashed on a laboratorian's face or infected animals sneezing in the face and eye of a laboratorian) and occupational exposures (e.g., by direct ocular exposure to infected poultry or eye abrasions from fomites during culling operations) (5) . Both corneal and conjunctival epithelial cells express glycoconjugates containing terminal sialic acids on their surfaces, and it is credible that virus comes into contact with both tissue surfaces during an ocular exposure (8, 13, 40, 46) . Furthermore, both corneal and conjunctival epithelial cells are exposed to the lacrimal drainage system in the human eye, which governs drainage from tear ducts to nasal passages (40) . As such, both cell types are likely candidates to be exposed to virus and/or support virus replication during the course of an ocular infection. While cell types located in the interior of the eye would be expected to be less accessible to influenza virus during initial environmental exposure than surface epithelial cells, their ability to support high-titer influenza virus replication as shown for retinal pigment epithelial cells (36) and trabecular meshwork cells (Fig. 1) underscores the diversity of cell types in ocular tissue which are potential sources of infection.
While similar kinetics of virus infection and replication were observed for both ocular epithelial cell types, HCEpiC cultures secreted 10-fold-higher levels of select cytokines and chemokines following virus infection than HConEC cultures (Fig. 3) , indicating that virus infection of these cell types can elicit Table S1 in the supplemental material. differential host responses. This finding is of particular importance when assessing the permissiveness of ocular cells to 2009 pandemic viruses. Documented instances of ocular symptoms following exposure to seasonal or 2009 H1N1 viruses are rare, suggesting that these viruses are poorly suited to use the eye as a portal of entry (19, 33, 44) . In support of this, we demonstrated previously that seasonal and 2009 H1N1 viruses do not readily infect mice when inoculated by the ocular route and do not replicate to high titer in human corneal cells (7, 8) . However, a recent publication demonstrated that a 2009 H1N1 pandemic virus, but not a seasonal H1N1 virus, was capable of high-titer replication in human conjunctival tissue (13) . Interestingly, our study found that the 2009 H1N1 virus Mex/4482 replicated to titers up to 100-fold higher than those of the seasonal virus Brisbane by 72 h p.i. in HConEC cultures but not in other ocular cell types examined (Fig. 1) . Additionally, (Fig. 3) . The finding of differences in the magnitudes of certain host responses following influenza virus infection in general and the potential preference of particular viruses for select ocular cells underscore the necessity of studying numerous ocular cell types when evaluating the ocular tropism of influenza viruses. Further study is needed to ascertain what properties of 2009 H1N1 viruses facilitate this apparent enhanced replication and proinflammatory cytokine and chemokine production in conjunctival but not corneal cells.
The efficient replication in all ocular cell types of HPAI viruses bearing a lysine at position 627 in PB2 suggests that this residue confers a replication advantage in both respiratory and ocular cells, as similar patterns of replication with HPAI H7N7 viruses bearing a lysine at this position have been observed in both murine corneal epithelial sheets and human bronchial and lung cells (8, 18, 22) . The abundant expression of ␣2-3-linked sialic acids on the surfaces of the primary ocular cell types tested here may have further facilitated high-titer replication of viruses with an avian receptor binding preference, including subtypes such as H5N1, which are only infrequently associated with ocular disease (4, 5) . Despite their high sequence homology, the HPAI H7N3 virus Can/504 replicated to titers Ͼ1,000-fold higher than those of the LPAI Can/444 virus in HCEpiC and HTMC cultures, and Ͼ100-fold higher in HConEC cultures, by 48 h p.i., indicating the presence of H7 virus molecular determinants of ocular replication that are independent of position 627 ( Fig. 1) (24, 39) . Heightened levels of apoptosis and necrosis following infection of HCEpiC cultures with the LPAI viruses Can/444 and NY/107 compared with the HPAI viruses Can/504 and NL/230 highlight a distinct heterogeneity in the behavior of H7 subtype viruses in ocular cells and demonstrate that influenza viruses can elicit pronounced host responses in this tissue in the absence of hightiter virus replication. Interestingly, the attenuated proliferation and induction of nucleosomes detected following infection of ocular cell types with NY/107 virus were also observed in human respiratory cell types; this H7N2 virus possesses receptor binding and transmissibility properties distinct from those of other North American H7 viruses, and further study is warranted to better understand the atypical behavior of this strain (4, 9) .
Direct comparisons between virus infection of respiratory and ocular cells allow for greater identification of features specific to one tissue type and can provide clues regarding the tropism of individual viruses for one cell type over another. Despite different epidemiologic profiles of human infection, the infectivity and replication kinetics of HPAI H5N1 and H7N7 viruses are consistent between both ocular and respiratory cells (9, 13) . The attenuated production of proinflammatory cytokines and chemokines following HPAI H7N7 virus infection is further maintained in both tissue types. While HPAI H7 and H5 viruses are detrimental to cell viability in both ocular and respiratory cells, we have shown that subtypespecific differences affect levels of necrosis but not apoptosis in Calu-3 cells, while more pronounced subtype-specific differences in apoptosis but not necrosis predominate in HCEpiC cultures (Fig. 2B and C) (9, 52) . Notably, the production of IL-1␤ in HCEpiC cultures following NL/219 virus infection is not observed in Calu-3 cells; this respiratory cell type does not produce substantial levels of IL-1␤ following influenza virus infection (data not shown). Previous studies have similarly found increased mRNA expression of IL-1␤ in alveolar and monocyte-derived macrophages, but not primary human bronchial epithelial cells, following lung injury or influenza virus infection (14, 16, 41) . IL-1␤, a cytokine involved in inflammatory responses, cell growth, and tissue repair, is frequently associated with ocular disease processes (10, 20, 26, 27, 43) . Similar to our findings, a previous study found that RSV infection of corneal epithelial cells resulted in an upregulation of secreted IL-1␤ cytokine without a substantial change in cellular IL-1␤ mRNA levels (10) .
Previous studies have demonstrated an association between dysregulated host innate immune responses and ocular surface inflammation; in particular, many of the documented effects of IL-1␤ in ocular inflammation and pathology occur in an NF-Bdependent manner (2, 10, 27, 49) . The heightened expression of genes associated with NF-B signal transduction following NL/ 219 virus infection (relative to other virus subtypes) in HCEpiC and the corresponding decreased expression of these genes following infection of Calu-3 cells mirror the tropism for ocular and not respiratory disease observed following H7 virus infection in humans. In addition to heightened expression of NF-B-related genes, HCEpiC cultures infected with NL/219 virus possessed levels of cytokine mRNA transcript comparable to those in H5N1 virus-infected cells, in contrast to the delayed and attenuated levels of cytokine mRNA transcript detected following HPAI H7N7 virus infection in respiratory Calu-3 cells, with reduced expression of NF-B-related genes (9) . However, divergent patterns of NF-B-related gene activation following infection of HCEpiC cultures with NL/219 and Can/504 viruses indicate that other, yet-unknown host factors likely contribute toward ocular tropism. Ongoing research on potential virus-and strain-specific posttranscriptional regulation of cytokine production to ascertain the disassociation of mRNA and cytokine secretion into the supernatant (notably with regard to TNF-␣) will allow for a better understanding of innate immune responses in ocular tissue following influenza virus infection. Furthermore, additional study is needed to explore the potential correlation and implications of heightened transcriptional activity of cytokine and NF-B-related genes in ocular cells following H7 virus infection. Augmented NF-B signal transduction in human corneal cells following H7 virus infection identifies a prospective target for immunomodulatory agents to mitigate conjunctival symptoms following H7 virus infection in humans (10, 11, 27, 29) .
Understanding the properties which govern the ocular tropism of influenza A viruses has implications which reach beyond H7 subtype viruses. Reports of conjunctivitis concurrent with influenza-like illness have been reported for both H5 and H7 subtype viruses (15, 28, 45, 48) . The presence of both ␣2-3-and ␣2-6-linked sialic acids on epithelial cells of the human eye suggests that a broad range of influenza viruses could bind to this tissue, including virus subtypes (such as H5N1) which may use the eye as an initial site of virus replication before establishment of a respiratory infection (30) . Continued study of the interplay between influenza viruses, the human eye, and the link between ocular infection and development of respiratory disease will provide much-needed information to guide prevention, treatment, and control strategies for all influenza virus subtypes.
